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Abstract 28 
Rabbitfish Siganus canaliculatus was the first marine teleost demonstrated to have the 29 
ability to biosynthesize C20-22 long-chain polyunsaturated fatty acids (LC-PUFA) from 30 
C18 PUFA precursors, which is generally absent or low in marine teleosts. Thus, 31 
understanding the molecular basis of LC-PUFA biosynthesis in rabbitfish will 32 
contribute to efforts aimed at optimizing LC-PUFA biosynthesis in teleosts, especially 33 
marine species. In the present study, the importance of the transcription factors liver X 34 
receptor (Lxr) and sterol regulatory element-binding protein 1 (Srebp1) in regulation 35 
of LC-PUFA biosynthesis in rabbitfish was investigated. First, full-length cDNAs of 36 
Lxr and Srebp1 were cloned and characterized. The Lxr mRNA displayed a ubiquitous 37 
tissue expression pattern while Srebp1 was highly expressed in eyes, brain and 38 
intestine. In rabbitfish primary hepatocytes treated with Lxr agonist T0901317, the 39 
expression of Lxr and Srebp1 was activated, accompanied by elevated mRNA levels 40 
of Δ4 and Δ6/Δ5 fatty acyl desaturases (Fad), key enzymes of LC-PUFA biosynthesis, 41 
as well as peroxisome proliferator-activated receptor γ (Pparγ). In addition, Srebp1 42 
displayed higher expression levels in liver of rabbitfish fed a vegetable oil diet or 43 
reared at 10 ppt salinity, which were conditions reported to increase the liver 44 
expression of Δ4 and Δ6/Δ5 Fad and LC-PUFA biosynthetic ability, than fish fed a 45 
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fish oil diet or reared at 32 ppt, respectively. These results suggested that Lxr and 46 
Srebp1 are involved in regulation of LC-PUFA biosynthesis probably by promoting 47 
the expression of two Fads in rabbitfish liver, which, to our knowledge, is the first 48 
report in marine teleosts.  49 
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Abbreviations 50 
ARA  Arachidonic acid (20:4n-6) 51 
cDNA  Complementary deoxyribonucleic acid 52 
DHA  Docosahexaenoic acid (22:6n-3) 53 
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Lxr   Liver X receptor 63 
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Introduction 71 
Long-chain (≥ C20) polyunsaturated fatty acids (LC-PUFA), such as eicosapentaenoic 72 
(20:5n-3, EPA) and docosahexaenoic (22:6n-3, DHA) acids, are essential fatty acids 73 
(EFA) for marine teleosts which, compared to freshwater and salmonid species, are 74 
historically regarded as species with limited capability for LC-PUFA biosynthesis 75 
from C18 PUFA precursors [1,2]. Hence in aquaculture, LC-PUFA-rich fish oil (FO) 76 
is utilized in feeds to satisfy the EFA requirement of marine teleosts [1]. However, FO 77 
is derived from wild capture fisheries that have reached their maximum sustainable 78 
level, and this has paradoxically constrained the development of marine aquaculture. 79 
Consequently, feasible and sustainable alternatives to FO are urgently required and 80 
vegetable oils (VO) have been the prime candidates [3]. In contrast to FO, VOs are 81 
rich in C18 PUFA but devoid of n-3 LC-PUFA and so replacement of dietary FO by 82 
VO results in reduced flesh n-3 LC-PUFA contents of farmed fish, which 83 
compromises their nutritional quality for humans [3]. Considerable attention therefore 84 
has focused on improving our understanding of the molecular basis for LC-PUFA 85 
biosynthesis, which will faciliate the efficient and effective utilization of sustainable 86 
plant lipid sources while maintaining the nutritional quality of farmed fish, especially 87 
marine teleosts.  88 
In vertebrates, LC-PUFA biosynthesis initiates from C18 PUFA and requires a 89 
series of desaturation and elongation steps catalyzed by fatty acid desaturases (Fad) 90 
and elongases of very long-chain fatty acids (Elovl) [4,5]. In teleosts, all Fad genes 91 
cloned to date are homologous to mammlian Fads2 and their enzyme products display 92 
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Δ4, Δ5 or Δ6 specificity, respectively, or act in a bifunctional manner [5]. Δ4 Fad 93 
from vertebrates was first identified in rabbitfish Siganus canaliculatus by our group 94 
[6], followed by Senegalese sole (Solea senegalensis) [7], Mexican whitefish 95 
(Chirostoma estor) [8] and striped snakehead (Channa striata) [9], and separate Δ5 96 
Fad have been identified in Atlantic salmon (Salmo salar) [10] and rainbow trout 97 
(Oncorhynchus mykiss) [11]. Bifunctional Δ5/Δ6 Fad were identified in zebrafish 98 
(Danio rerio) [12], rabbitfish [6] and Mexican whitefish [8], while Δ6 Fad have been 99 
found in many fish species [5,13]. In addition, elongase genes in teleosts include 100 
Elovl2, Elovl4 and Elovl5, among which Elovl5 genes have been identified in most 101 
teleosts studied to date [5]. Based on the presence and substrate specificity of the key 102 
enzymes involved in LC-PUFA biosynthesis, studies increasingly focused on the 103 
promoter of Fads where response elements for transcription factors were identified, 104 
such as sterol regulatory element binding proteins (Srebp), nuclear factor Y (NF-Y) 105 
and specificity protein 1 (Sp1) [14-16]. However, the mechanisms of transcriptional 106 
regulation for LC-PUFA biosynthesis are largely unexplored, especially in marine 107 
teleosts. 108 
The Srebp family includes three members, Srebp1a and 1c, and Srebp2 in 109 
mammals and, among them, Srebp1 plays a major role in regulation of fatty acid 110 
synthesis [17]. Furthermore, Srebp1c can be activated by Liver X receptor (Lxr), a 111 
class I nuclear receptor that can be activated by oxysterols derived from cholesterol 112 
oxidation [18-20]. In mouse liver, it was established that Lxr and Srebp1 formed a 113 
functional pathway (called “Lxr-Srebp1 pathway”) that stimulates the production of 114 
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PUFA by transcriptional activation of Δ5 and Δ6 desaturase (encoded by Fads1 and 115 
Fads2 genes, respectively) and Elovl5 [21]. In teleosts, the promoting effect of the 116 
Lxr-Srebp1 pathway on LC-PUFA biosynthesis has been implied in anadromous 117 
Atlantic salmon by increasing the expression of Δ5 and Δ6 Fad genes [16,22-24]. 118 
However, little is known about the presence or efficacy of Lxr-Srebp1 pathway in 119 
marine teleosts.  120 
Besides Lxr and Srebp1, the peroxisome proliferator-activated receptors (Ppar) 121 
are also important regulators of lipid metabolism [25]. The Ppar family consists of 122 
three subtypes encoded by discrete genes [25]. In mammals, Pparα and Pparβ are 123 
activated by fatty acids or their derivatives, and play pleiotropic roles in lipid 124 
metabolism, i.e. stimulating the expression of genes related to peroxisomal and 125 
mitochondrial fatty acid oxidation, and LC-PUFA biosynthesis [26]. Pparγ has been 126 
associated with adipocyte differentiation and lipogenesis [27]. In mammals, Pparα and 127 
Lxr interact in controlling Srebp1 activation [28,29]. However, our understanding of 128 
the interaction between Ppar and Lxr in LC-PUFA biosynthesis in teleosts remains 129 
limited.  130 
Rabbitfish Siganus canaliculatus, a true herbivore consuming algae and seagrass 131 
in nature, is widespread along the Indo-West Pacific coast and there is a commercial 132 
fishery. In aquaculture, rabbitfish can be domesticated to accept formulated feeds and, 133 
in recent years, rabbitfish farming has expanded rapidly in southeastern Asia, 134 
including China, due to its popularity in markets. It is noteworthy that S. canaliculatus 135 
was the first marine teleost demonstrated to have the ability of bioconverting C18 136 
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PUFA to LC-PUFA, and now all the key enzymes required for LC-PUFA 137 
biosynthesis have been characterized in this species, including Δ4 Fad, Δ6/Δ5 Fad, 138 
Elovl4 and Elovl5 [6,30,31]. Thus, rabbitfish provides a favourable model to 139 
investigate the regulatory mechanisms of LC-PUFA biosynthesis in teleosts. Besides, 140 
previous studies showed that dietary lipid source and ambient salinity influenced the 141 
LC-PUFA biosynthetic ability of rabbitfish as well as the liver expression of the key 142 
enzymes mentioned above [31,32], which suggested a repertoire of regulatory 143 
machinery responsible for liver LC-PUFA biosynthesis that is largely unexplored. 144 
Accordingly, the present study aimed to investigate the potential role of Lxr and 145 
Srebp1 in the regulation of LC-PUFA biosynthesis in rabbitfish S. canaliculatus. First, 146 
the cDNAs encoding Lxr and Srebp1 were cloned and characterized, followed by 147 
determination of their tissue distribution. Subsequently, the expression levels of Lxr 148 
and Srebp1 were measured in rabbitfish primary hepatocytes incubated with Lxr 149 
agonists, including T0901317, GW3965 and 22(R)-hydroxycholesterol (22HC), along 150 
with other genes related to LC-PUFA biosynthesis including Δ4 Fad, Δ6/Δ5 Fad, 151 
Elovl5, Pparα, Pparβ and Pparγ. Furthermore, the mRNA level of Lxr and Srebp1 152 
were evaluated in livers of rabbitfish reared at different ambient salinities with diets 153 
containing VO or FO. The results provide further insight into the regulatory 154 
mechanisms of LC-PUFA biosynthesis in rabbitfish and teleosts, and also provide a 155 
foundation to optimize the LC-PUFA biosynthetic pathway in teleosts, which could 156 
facilitate the efficient and effective utilization of sustainable vegetable lipid resources 157 
in marine aquaculture. 158 
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Materials and Methods  159 
Diets and feeding trials  160 
Two iso-proteic and iso-lipidic diets containing 35 % crude protein and 8 % crude 161 
lipid were formulated using either fish oil (rich in LC-PUFA) or a blend of canola oil 162 
and perilla oil (LC-PUFA-free) as lipid sources and named as FO and VO diets, 163 
respectively. Dietary compositions, experimental animal preparation and the feeding 164 
trial have all been described in detail previously, along with the detailed parameters 165 
on the growth performance and lipid composition of fish [32]. Briefly, juvenile 166 
rabbitfish (body mass approximately 13 g, sex indistinguishable visually) were caught 167 
off the coast near Nan Ao Marine Biology Station (NAMBS) of Shantou University, 168 
Southern China. Initially, 500 fish were maintained in an indoor seawater (32 ppt) 169 
pool for one month to adapt to the laboratory conditions. Subsequently, 250 fish were 170 
gradually acclimated to brackish water (10 ppt) for one month, followed by a further 171 
two weeks’ period at 10 ppt while the other half remained in seawater throughout. The 172 
fish were then starved for 24 h, anesthetized with 0.01 % 2-phenoxyethanol 173 
(Sigma-Aldrich, St. Louis, MO, USA), individually weighed and 20 fish each 174 
allocated randomly to 12 cylindrical tanks (90 cm diameter, 100 cm depth) with 175 
triplicate tanks for each diet (FO and VO) at both salinities (10 and 32 ppt). The 176 
feeding trial lasted for 8-weeks in an indoor aquarium system at NAMBS. During the 177 
trial, oxygen-saturation was maintained by aeration, temperature was kept at 22 ± 178 
3 °C and photoperiod was set at a 12 h light: 12 h dark cycle.  179 
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Tissue collection 181 
The liver of one fish in seawater during the initial acclimation period was collected 182 
for RNA isolation followed by cDNA cloning of Lxr and Srebp1. In addition, tissues 183 
including heart, liver, spleen, gill, muscle, eyes, intestine and brain were sampled 184 
from a further three individuals for determination of tissue distribution of Lxr and 185 
Srebp1 mRNA. To determine the effects of diet and salinity on gene expression, livers 186 
were collected from three fish in seawater at the beginning of the feeding trial as 187 
initial control samples, and at the end of the trial, livers were collected from two fish 188 
per tank (six fish per dietary treatment per salinity). Tissue samples were immediately 189 
frozen in liquid nitrogen and subsequently stored at -80 ºC before analysis. All 190 
procedures performed on fish conformed with the National Institutes of Health guide 191 
for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) 192 
and approved by the Animal Care and Use Committee of Shantou University 193 
(Guangdong, China). All surgery was performed under 0.01 % 2-phenoxyethanol 194 
anesthesia, and all efforts were made to minimize suffering of fish.  195 
 196 
Rabbitﬁsh primary hepatocyte isolation and incubation with Lxr agonists  197 
Rabbitfish were fasted 24 h and then euthanized with 0.01 % 2-phenoxyethanol, 198 
followed by immersion in 70 % ethanol to sterilize the external surfaces. Primary 199 
hepatocytes were prepared from a pool of three livers as described previously [33]. 200 
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Briefly, chopped livers were digested by 0.1 % collagenase/0.25 % hyaluronidase 201 
(Sigma-Aldrich, St. Louis, USA) followed by filtering through a 100 µm strainer. 202 
Isolated cells (viability ≥ 98 % evaluated by Trypan Blue dye exclusion) were seeded 203 
in 6-well plates at a density of 2 × 106 cells per well with 2 ml DMEM/F12 medium 204 
containing 20 % fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml 205 
streptomycin, followed by incubation at 24 ˚C/4 % CO2 for 24 h. The hepatocytes 206 
were incubated in FBS-free DMEM/F12 medium for 3 h prior to incubation with the 207 
following Lxr agonists: synthetic ligands T0901317 (1 and 2 µM) and GW3965 (2 208 
and 4 µM), natural ligand 22(R)-hydroxycholesterol (22HC 5 and 10 µM), and 209 
treatment vehicles (DMSO for T091317 and GW3965, and ethanol (EtOH) for 22HC) 210 
on the basis of previous studies [34-36]. In addition, incubations without chemical 211 
supplement were included as control. After 6 h incubation, cells were lysed in wells 212 
and harvested for subsequent RNA extraction. 213 
 214 
RNA isolation and cDNA synthesis  215 
Total RNA from rabbitfish tissues was extracted by Trizol reagent (Invitrogen, 216 
Carlsbad, CA, USA) and total RNA from rabbitfish primary hepatocytes was isolated 217 
and purified by RNAprep pure cell/bacteria kit (Tiangen Biotech, Beijing, China). 218 
The concentration and quality of total RNA preparations were confirmed by 219 
spectrophotometry (NanoDrop 2000, Thermo Scientific, USA) and agarose gel 220 
electrophoresis. For cloning partial sequences, one µg total RNA from liver was 221 
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subjected to cDNA synthesis using the Cloned AMV First-Strand cDNA Synthesis 222 
Kit (Invitrogen, USA). For semi-quantitative or quantitative analysis of target gene 223 
expression level, cDNA was synthesized from 1 µg or 500 ng of total RNA from 224 
rabbitfish tissues or primary hepatocytes, respectively, using FastQuant RT Kit (with 225 
gDNase) (Tiangen Biotech, Beijing, China).  226 
 227 
Molecular cloning of rabbitﬁsh Lxr and Srebp1 cDNAs 228 
Partial cDNA fragments of Lxr and Srebp1 were obtained by polymerase chain 229 
reaction (PCR) using primer pair lxr-partial-F/R and srebp1-partial-F/R, respectively. 230 
Primers were designed on highly conserved regions of cDNA sequences based on 231 
alignments of human (Homo sapiens; NCBI accession: Lxrα, AB307698.1; Srebp1, 232 
BC063281.1), mouse (Mus musculus; Lxrα, AJ132601.1; Srebp1, BC056922.1), 233 
chicken (Gallus gallus; Lxr, AF492498.1; Srebp1, NM_204126.2), Atlantic salmon 234 
(Lxr, FJ470290.1; Srebp1, HM561860.1) and zebrafish (Lxr, BC092160.1; Srebp1, 235 
NM_001105129.1). The PCR was performed with initial denaturation at 95 °C for 5 236 
min and 35 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min, followed by a 237 
final extension at 72 °C for 10 min.  238 
The full-length cDNA sequences of Lxr and Srebp1 were cloned by 3’ and 5’ 239 
rapid ampliﬁcation of cDNA ends (RACE) PCR based on partial cDNA fragments 240 
using the GeneRacer® kit (Invitrogen, USA). According to the manufacturer’s 241 
instructions, specific primers lxr-5’-F1/F2 and srebp1-5’-F1/F2 were designed to 242 
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amplify the 5’ ends of Lxr and Srebp1 cDNAs while lxr-3’-R1/R2 and 243 
srebp1-3’-R1/R2 were prepared for the 3’ ends of the two cDNAs, respectively. The 244 
multiple amplicons from PCR and RACE were assembled and the full-length cDNA 245 
sequences of rabbitfish Lxr and Srebp1 were further generated by “end to end” PCR. 246 
All primer sequences are shown in Table 1.  247 
 248 
Sequence and phylogenetic analysis  249 
ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to align the 250 
deduced amino acid (aa) sequences of the newly cloned rabbitﬁsh Lxr and Srebp1 251 
cDNA with their corresponding orthologs from other species, including human (Lxrα, 252 
NCBI accession: AAA85856.1), mouse (Lxrα, CAB51923.1), chicken (Lxrα, 253 
NP_989873.1; Srebp1, NP_989457.2), Atlantic salmon (Lxrα, NP_001138893.1; 254 
Srebp1, ADN28371.1) and zebrafish (Lxrα, NP_001017545.1; Srebp1, 255 
NP_001098599.1). The aa sequences for Srebp1 isoforms of human (Srebp1a, 256 
P36956-1; Srebp1c, P36956-3) and mouse (Srebp1a, Q9WTN3-1; Srebp1c, 257 
Q9WTN3-3) were acquired from the UniProtKB database.  258 
Mega5 [37] and the neighbor joining method were used to construct phylogenetic 259 
trees based on the aa sequences of Lxr and Srebp proteins from rabbitfish and other 260 
species including human, mouse, chicken, zebrafish, Atlantic salmon, carp (Cyprinus 261 
carpio), Japanese flounder (Paralichthys olivaceus), large yellow croaker 262 
(Larimichthys crocea), rainbow trout, tongue sole (Cynoglossus semilaevis), grass 263 
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carp (Ctenopharyngodon idella) and Japanese sea bass (Lateolabrax japonicus).  264 
 265 
Semi-quantitative PCR and Real-time qPCR assays  266 
Semi-quantitative PCR was conducted on tissue cDNA samples from three rabbitfish 267 
to determine the tissue distribution of Lxr and Srebp1 mRNA, with 18S rRNA 268 
(AB276993) as an internal control to check the efﬁciency of cDNA synthesis and 269 
cDNA integrity. To conﬁrm the absence of genomic DNA contamination, 270 
non-template controls (NTC), consisting of reactions without reverse transcriptase, 271 
were also run. Semi-quantitative PCR was carried out with an initial denaturing step 272 
at 94 °C for 5 min, followed by 28 cycles of denaturation at 94 °C for 30 s, annealing 273 
at 60 °C for 30 s, extension at 72 °C for 30 s, and a ﬁnal extension at 72 °C for 5 min. 274 
The primer pairs used for semi-quantitative PCR were the same as used for qPCR 275 
(Table 1). 276 
The expression level of Lxr, Srebp1, Δ4 Fad (GU594278.1), Δ6/Δ5 Fad 277 
(EF424276.2), Elovl5 (GU597350.1), Pparα (JF502070.1), Pparβ (JF502071.1) and 278 
Pparγ (JF502072.1) mRNA was determined by qPCR on a LightCycler® 480 279 
thermocycler (Roche, Germany). All reactions were run in a total volume of 20 µl 280 
containing 10 µl LightCycler® 480 SYBR Green I Master (Roche, Germany), 0.4 µM 281 
each of gene specific primer pairs (Table 1), 20 ng cDNA templates (10 ng/µl) and 282 
ddH2O in a white 96-well plate. The qPCR programs consisted of initial DNA 283 
denaturation at 94 °C for 5 min and 45 cycles of 95 °C for 10 s, 60 °C for 20 s, 72 °C 284 
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20 s, followed by a melting curve to confirm the amplification of a single product in 285 
each reaction. The amplification efficiency of primers was also determined by serial 286 
dilution of cDNA template in ddH2O. The relative RNA level of genes in each sample 287 
was normalized to 18S rRNA expression and calculated by the comparative threshold 288 
cycle (Ct) method as fold change relative to initial control samples [38]. Triplicates of 289 
each reaction were conducted for each sample.  290 
 291 
Statistical analysis 292 
All data were presented as means ± SEM (n = 6 individuals for gene expression in 293 
liver of rabbitfish fed VO or FO diets at 10 ppt or 32 ppt salinity; n = 3 technical 294 
replicates for cell studies). In cell studies, differences among groups were analyzed by 295 
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison 296 
test at a significance of P < 0.05. A two-way ANOVA was used to analyze the 297 
differences of gene expression in rabbitfish liver, using FO and VO diets as the first 298 
independent variable, and the two salinity treatments (32 ppt and 10 ppt) as the second 299 
independent variable, and significant levels were considered at P < 0.05. All statistical 300 
analyses were performed using OriginPro 7.5 software (OriginLab Corporation, 301 
USA).  302 
  303 
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Results 304 
Sequence characteristics of rabbitfish Lxr and Srebp1 cDNAs 305 
The full-length rabbitfish Lxr cDNA was 3055 bp containing a 5’ untranslated region 306 
(UTR) of 407 bp, a 3’ UTR of 1259 bp and an open reading frame (ORF) of 1389 bp 307 
encoding a protein of 462 aa. The nucleotide and deduced aa sequences were 308 
submitted to NCBI with accession numbers JF502074.1 and AFH35110.1, 309 
respectively. Rabbitfish Lxr has a typical structure of Lxr family proteins, including a 310 
DNA binding domain (DBD), ligand binding domain (LBD), activation function 311 
domains (AF-1/2) and a D (hinge) region (Fig. 1a). The full-length of Srebp1 cDNA 312 
was 3952 bp containing 5’ and 3’ UTRs of 201 bp and 239 bp, respectively, and an 313 
ORF of 3513 bp encoding a 1171 aa protein. The nucleotide and aa sequences were 314 
submitted to NCBI with accession numbers JF502069.1 and AFH35105.1, 315 
respectively. The deduced rabbitfish Srebp1 protein showed the conserved basic 316 
helix-loop-helix (bHLH) domain, which is essential for DNA binding as transcription 317 
factors (Fig. 1b and supplementary Fig. S1).  318 
 319 
Multiple sequence alignment and phylogenetic analysis 320 
Alignment analysis of the deduced rabbitfish proteins with their orthologs in other 321 
species showed that rabbitfish Lxr shared high sequence identity with zebrafish (92 %) 322 
and salmon (85 %) and 74 -77 % identity with Lxrα from human and mouse, and Lxr 323 
from chicken (Fig. 1a). Similarly, phylogenetic analysis revealed that the Lxr proteins 324 
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of fish species were all clustered with mammalian Lxrα (Fig. 2a).  325 
As for Srebp1, results showed that the rabbitfish Srebp1 shared 77 % and 72 % 326 
identity with those of Atlantic salmon and zebrafish, respectively, and 54 - 56 % 327 
identity with Srebp1a from human, mouse and chicken, and 54 % identity with 328 
Srebp1c from human and mouse (Fig. 1b). The N-terminal protein sequence 329 
alignment showed that the rabbitfish Srebp1 aa sequence was more similar to 330 
mammalian Srebp1a isoform (Fig. 1b). Phylogenetic analysis showed rabbitfish 331 
Srebp1 clustered with vertebrate Srebp1 rather than Srebp2, and closest to Srebp1 of L. 332 
japonicus (Fig. 2b).  333 
 334 
Tissue distribution of Lxr and Srebp1 mRNA in rabbitfish 335 
The abundance of Lxr and Srebp1 mRNA in different tissues was analyzed. Rabbitfish 336 
Lxr mRNA was detected in all studied tissues with lowest abundance in muscle and 337 
relatively high level in spleen and heart, and then tissues regarded as having high 338 
LC-PUFA biosynthetic ability including liver, intestine, eyes and brain (Fig. 3). 339 
Relatively high expression level of Srebp1 was observed in eyes, intestine and brain, 340 
followed by heart, spleen, gill, and liver whereas the abundance of Srebp1 mRNA in 341 
muscle was too low to be detected (Fig. 3).  342 
 343 
Effects of Lxr agonists on the expression of Lxr, Srebp1 and other genes related 344 
to LC-PUFA biosynthesis in rabbitfish primary hepatocytes  345 
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First, three Lxr agonists were tested for their effects on activating the expression of 346 
Lxr and Srebp1 in rabbitfish hepatocytes. Results showed that the expression level of 347 
Lxr and Srebp1 mRNA was increased 1.2 to 1.4-fold and ~9-fold, respectively, by 348 
T0901317, whereas 22HC promoted the expression of Lxr (~1.3-1.4 fold) and 349 
GW3965 promoted the expression of Srebp1 (~6-13 fold), separately (Fig. 4). Based 350 
on minimum activating doses, T0901317 was determined as the most potent activator 351 
for Lxr and Srebp1 expression in rabbitfish liver. Subsequently, the expression level 352 
of other genes involved in LC-PUFA biosynthesis was determined in hepatocytes 353 
incubated with T0901317. Results showed that Δ4 Fad was induced by 1 µM 354 
T0901317 (~1.7-fold), whereas 2 µM T0901317 activated the transcription of both Δ4 355 
(~1.7-fold) and Δ6/Δ5 Fad (~2-fold), but decreased the expression level of Elovl5 as 356 
compared to 1 µM T0901317 (Fig. 5). As for Ppar subtypes, T0901317 treatment 357 
increased the expression of Pparγ at 1 µM, with no significant effect on the 358 
expression level of Pparα and β (Fig. 5).  359 
 360 
Effects of dietary PUFA and ambient salinity on the expression of Lxr and 361 
Srebp1 in rabbitfish liver 362 
The expression pattern of Lxr and Srebp1 in rabbitfish liver was different in response 363 
to dietary lipid source and ambient salinity (Fig. 6). Rabbitfish fed FO diets displayed 364 
higher expression level of Lxr than fish fed VO diets (P <0.05), while ambient salinity 365 
produced no significant change on the expression of Lxr in rabbitfish liver. In addition, 366 
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the expression of Srebp1 was higher in the liver of rabbitfish fed VO diets or reared at 367 
10 ppt than that of fish fed FO diets or reared at 32 ppt (P <0.05). There was no 368 
significant interaction between dietary lipid source and ambient salinity on the 369 
expression of Lxr or Srebp1 in rabbitfish liver. 370 
  371 
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Discussion 372 
Comparison of Lxr and Srebp1 sequences between rabbitfish and other species  373 
As a class I nuclear receptor, Lxr possesses two important functional regions, LBD 374 
and DBD, that are associated with ligand binding and downstream target interaction 375 
[39]. Herein, the LBD and DBD of rabbitfish Lxr showed high identity with those of 376 
Lxr orthologs from other species, which indicated similar roles in ligand recognition 377 
and downstream target activation. In mammals, there are two isoforms of Lxr, Lxrα 378 
and Lxrβ, with overlapping or distinct functions [40]. However, rabbitfish possesses a 379 
unique form of Lxr that clustered with mammalian Lxrα, and were Lxr orthologs of 380 
other fish species in the phylogenetic analysis. This suggested the gene loss of Lxrβ in 381 
teleosts, which was consistent with observations in zebrafish, rainbow trout and 382 
salmon [34,41].  383 
The Srebps subfamily is encoded by two distinct genes, designated Srebp1 and 384 
Srebp2, in vertebrates [17,23], and the cDNA characterized in the present study was 385 
homologous to mammalian Srebp1. In mammals, the transcription products of Srebp1 386 
consist of two isoforms, Srebp1a and 1c, which differ only in the first exon as a result 387 
of alternative splicing [42]. However, this is not the case in rabbitfish, although it 388 
cannot be excluded that the cDNA used for cloning was synthesized from liver RNA. 389 
Specifically, the rabbitfish Srebp1 was closely related to mammal Srebp1a rather than 390 
Srebp1c, which was also observed in zebrafish, salmon and Japanese sea bass [23,43]. 391 
In mammals, the relatively long N-terminal AF-1 domain confers the Srebp1a with 392 
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potent transactivation activity while Srebp1c with a short AF-1 domain requires 393 
further post-translational modification to achieve complete activity [44,45]. Thus, the 394 
high similarity of rabbitfish Srebp1 to mammal Srebp1a ensures its efficacy in 395 
transactivation.  396 
 397 
Tissue distribution of Lxr and Srebp1 mRNA implies their relevance in 398 
LC-PUFA biosynthesis in rabbitfish 399 
The tissue expression pattern of Lxr varies among species [39,41,46]. In the present 400 
study, rabbitfish Lxr displayed high expression level in spleen, which is consistent 401 
with the observation in rainbow trout, but low in muscle, similar to the finding in 402 
salmon [41]. In yellow catfish (Pelteobagrus fulvidraco), transcript variants of Lxrα 403 
(Lxrα-1 and Lxrα-2) were identified with different tissue expression patterns [46]. 404 
Thus, the varied tissue distribution profile of Lxr mRNA among fish species may be 405 
due to the presence of multiple Lxr isoforms. In addition, the ubiquitous expression 406 
pattern of Lxr in rabbitfish tissues implied its pleiotropic effects in physiology. 407 
Srebp1 play major role in the regulation of fatty acid synthesis in mammals [17]. 408 
In the present study, Srebp1 mRNA displayed high abundance in eyes, brain and 409 
intestine, which are tissues with high level of Δ4 and Δ6 Fad mRNA and likewise 410 
potent LC-PUFA biosynthetic activity [31,33]. Thus, Srebp1 might be implicated in 411 
the regulation of LC-PUFA biosynthesis in rabbitfish. However, Srebp1 mRNA is 412 
lacking in rabbitfish muscle, which can be attributed to the reduced expression of Lxr 413 
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that indirectly regulates fatty acid synthesis by driving Srebp1 transcription in 414 
mammals [20,21]. 415 
 416 
Potential role and mechanism for Lxr and Srebp1 in regulation of LC-PUFA 417 
biosynthesis in rabbitfish liver 418 
As a ligand-activated nuclear receptor, Lxr can be activated by synthetic or natural 419 
agonists [18,39,47]. In the present study, agonists increased the expression of Lxr in 420 
rabbitfish hepatocytes, which can be explained by the positive autoregulation of Lxr 421 
that was shown to have LXREs in its own promoter in human and mice [48,49]. A 422 
similar autoregulatory situation has also been observed in recent studies performed in 423 
rainbow trout and Atlantic salmon [22,35,36]. Srebp1 was established as a target gene 424 
for Lxr in mammal and rodent systems [19,20]. Consistent with this, the expression of 425 
Srebp1 was increased by the Lxr agonists T0901317 and GW3965, whereas the 22HC 426 
produced no significant effects. In human myotubes, differential effects of T0901317 427 
and 22HC were observed in regulation of genes involved in lipid metabolism, 428 
although both of them are effective agonists of Lxrα [50]. T0901317 and GW3965 429 
were more effective activators for the Lxr of Atlantic salmon than 22HC [22]. 430 
Apparently, the effectiveness of Lxr agonists were model-specific, and thus in the 431 
present study, T0901317 was regarded as a potent activator for the expression of both 432 
Lxr and Srebp1 with maximal effect at minimum dose, which also indicated the 433 
conservation of Lxr-Srebp1 pathway in rabbitfish. 434 
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Fad and Elovl are key enzymes involved in LC-PUFA biosynthesis, and their 435 
gene expressions are commonly correlated to the LC-PUFA biosynthetic ability [4,5]. 436 
In mouse liver, the Lxr-Srebp1 pathway was demonstrated to be involved in 437 
LC-PUFA biosynthetic regulation through activating the expression of Δ5, Δ6 438 
desaturase and Elovl5 [21]. In Atlantic salmon SHK-1 cells, T0901317 promoted the 439 
expression of Δ5 and Δ6 Fad but not Elovl5, accompanied by the increased 440 
expression of Lxr and Srebp1 [22]. As such, in the present study, the increased 441 
expression of Δ4 and Δ6/Δ5 Fad in rabbitfish hepatocytes incubated with T0901317 442 
might be a result of activated Lxr-Srebp1 pathway, where Elovl5 might not be 443 
included. 444 
Interestingly, the transcription of the Δ4 Fad was more sensitive to the activation 445 
of Lxr and Srebp1 than Δ6/Δ5 Fad in the present study. As the first vertebrate 446 
reported with Δ4 desaturation activity and the first marine teleost with Δ6/Δ5 447 
desaturation activity, rabbitfish possesses two mechanisms for DHA biosynthesis 448 
from EPA. The first mechanism is the so-called “Sprecher pathway”, where EPA 449 
undergoes two successive elongation steps to produce 24:5n-3, followed by a second 450 
Δ6 desaturation step to produce 24:6n-3 that is chain-shorted to DHA by partial 451 
β-oxidation [51]. The second mechanism is the “Δ4 desaturation pathway” that 452 
requires a single elongation to 22:5n-3, which is then directly Δ4 desaturated to 453 
generate DHA [6]. Our recent study showed that there is coordination between the 454 
two pathways, in which miR-17 is involved through suppressing Δ4 Fad 455 
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post-transcriptionally rather than Δ6 Fad [33]. Likewise, the results presented herein 456 
further suggested the coordinating machinery at transcriptional level, possibly due to 457 
the distinct promoter structures between the two Fads. In addition, DHA is difficult to 458 
oxidize since its Δ4 bond must be removed by peroxisomal β-oxidation, as compared 459 
to EPA [52]. Herein, the higher sensitivity of Δ4 Fad towards the Lxr and Srebp1 460 
activation may facilitate the bioconversion of EPA into DHA in rabbitfish liver.  461 
Dietary PUFA and ambient salinity were demonstrated as important factors that 462 
influence LC-PUFA biosynthesis and Fad expression in rabbitfish liver [31,32], which 463 
provided the physiological context to further determine the role of Lxr and Srebp1 in 464 
the regulation of LC-PUFA biosynthesis. Results showed that the liver expression 465 
pattern of Srebp1 was correlated with that of Δ4 and Δ6/Δ5 Fad reported previously, 466 
with higher mRNA level in liver of rabbitfish fed VO diets or reared at 10 ppt than 467 
that of fish fed FO diets or reared at 32 ppt [31,32]. In combination with the in vitro 468 
results, there is good reason to speculate that Srebp1 is a critical transcription factor 469 
for the expression of Δ4 and Δ6/Δ5 Fad in rabbitfish liver. In contrast to Srebp1, Lxr 470 
displayed higher expression level in liver of rabbitfish fed FO diets than that of fish 471 
fed VO diets, while ambient salinity produced no significant effects on the expression 472 
of Lxr. Similarly, the asynchronous expression of Lxr and Srebp1 in circadian 473 
rhythmicity has been observed in the liver of Atlantic salmon [24]. As such, Lxr was 474 
not the only regulator for Srebp1 expression in rabbitfish liver physiologically and the 475 
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extent to which Lxr impacts on LC-PUFA biosynthesis in rabbitfish liver should be 476 
further investigated. 477 
In mammals, LC-PUFA inhibited the transcription of Srebp1c [53], accelerated 478 
Srebp1 mRNA decay [54] and suppressed proteolytic release of Srebp1 protein [55]. 479 
Similarly, the mRNA level of Srebp1 was lower in the liver of sea bass fed FO 480 
(LC-PUFA-rich) diets than that of fish fed VO diets containing low LC-PUFA level 481 
[56]. In addition, FO is also rich in cholesterol, the precursor of oxysterols that are 482 
endogenous ligands for Lxr, which is absent in VO [3]. Thus in the present study, the 483 
different expression pattern of Lxr and Srebp1 in the liver of rabbitfish fed VO or FO 484 
diets can be explained by their specific responses to dietary nutrients such as 485 
LC-PUFA and cholesterol. Furthermore, these results suggested the complexity of the 486 
molecular mechanisms of transcriptional regulation of Lxr and Srebp1 in LC-PUFA 487 
biosynthesis of teleosts, which requires further investigation.  488 
Ppar interact with Lxr in regulation of lipid metabolism in a tissue- and 489 
species-dependent manner [22,35,36,57]. In the present study, only the expression of 490 
Pparγ was up-regulated by Lxr activation. In rodent adipocytes, Lxrα activated the 491 
transcription of Pparγ and induced adipogenesis [58], but this was not the case for 492 
Pparγ in rainbow trout adipocytes [36]. In SHK cells of Atlantic salmon, the 493 
activation of Lxr did not affect the expression of any of the Ppar subtypes [22]. Hence, 494 
the mechanism for the promotion of Pparγ by Lxr and its significance in LC-PUFA 495 
biosynthesis should be further investigated. 496 
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In the present study, the cDNAs encoding Lxr and Srebp1 were cloned and 497 
characterized from rabbitfish S. canaliculatus. Furthermore, our results implied their 498 
roles in LC-PUFA biosynthesis, probably by activating the expression of Δ4 and 499 
Δ6/Δ5 Fad in liver. In return, the expression of Lxr and Srebp1 in liver was also 500 
affected by dietary lipid sources. Additionally, Pparγ was inferred as a possible target 501 
for Lxr although the mechanism and significance remained to be clarified. These 502 
results increased our understanding of the regulatory mechanisms for LC-PUFA 503 
biosynthesis in rabbitfish and teleosts, which will contribute to optimizing the 504 
LC-PUFA biosynthetic pathway in marine teleosts and developing more efficient, 505 
low-cost aquaculture diets based on vegetable lipid sources. 506 
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Figure legends 693 
Fig. 1 Alignment of the deduced amino acid sequence of rabbitfish S. canaliculatus Lxr (a) and 694 
N-terminus of Srebp1 (b) with their orthologs in human (H. sapiens), mouse (M. musculus), 695 
chicken (G. gallus), zebrafish (D. rerio) and Atlantic salmon (S. salar). Identical amino acids (aa) 696 
are shaded black and similar aa are shaded grey. (a) Protein structural domains of Lxr are marked 697 
under the arrow line: AF-1 indicates N-terminal ligand-independent activation function (AF) 698 
domain; DBD for DNA binding domain; D region for peptides linking LBD and DBD; LBD for 699 
ligand binding domain containing the AF-2 region that is framed out in grey. (b) Exon regions of 700 
Srebp proteins are indicated by arrow lines.  701 
 702 
Fig. 2 Phylogenetic analysis of Lxr and Srebp. The deduced amino acid sequences of Lxr (a) and 703 
Srebp (b) proteins from rabbitfish and other organisms are used to construct the phylogenetic tree 704 
by the neighbor joining method with Mega5. The horizontal branch length is proportional to aa 705 
substitution rate per site. The numbers represent the frequencies with which the tree topology 706 
presented was replicated after 1000 iterations. 707 
 708 
Fig. 3 Tissue distribution of Lxr and Srebp1 mRNA in S. canaliculatus examined by 709 
semi-quantitative PCR. H, heart; L, liver; S, spleen; G, gill; M, muscle; E, eyes; I, intestine; B, 710 
brain; NTC: non-template control.  711 
 712 
Fig. 4 Effects of the Lxr agonists T0901317, GW3965 and 22(R)-hydroxycholesterol (22HC) on the 713 
expression of Lxr and Srebp1 in rabbitfish primary hepatocytes. The mRNA level of Lxr (a) and 714 
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Srebp1 (b) were determined by qPCR in rabbitfish primary hepatocytes incubated with T0901317 715 
(1 µM and 2 µM), GW3965 (2 µM and 4 µM), 22HC (5 µM and 10 µM) and vehicle reagents 716 
(DMSO for T0901317, ethanol (EtOH) for 22HC) for 6 h, using 18S rRNA as a reference gene. 717 
Data are presented as the fold change from untreated cell control in means ± SEM (n = 3). Different 718 
superscripts above bars denote significant differences among doses (P < 0.05; ANOVA, Tukey's 719 
test). 720 
 721 
Fig. 5 Effects of the Lxr agonist T0901317 on the expression of genes related to LC-PUFA 722 
biosynthesis in rabbitfish primary hepatocytes. The mRNA level of Δ4 Fad, Δ6/Δ5 Fad, Elovl5 and 723 
Ppar were determined by qPCR in rabbitfish primary hepatocytes incubated with T0901317 (1 µM 724 
and 2 µM) or vehicle DMSO for 6 h, using 18S rRNA as a reference gene. Data are presented as the 725 
fold change from untreated cell control in means ± SEM (n = 3). Different superscripts above bars 726 
denote significant differences among doses (P < 0.05; ANOVA, Tukey's test).  727 
 728 
Fig. 6 Expression of Lxr and Srebp1 in the liver of rabbitfish fed VO and FO diets at 32 ppt and 10 729 
ppt salinity. The mRNA level of Lxr and Srebp1 was determined by qPCR, using 18S rRNA as a 730 
reference gene. Data are presented as fold change relative to initial control samples in means ± 731 
SEM (n = 6). Two-way ANOVA results were presented in the upper right corner of the ﬁgure and 732 
significant levels were considered at P < 0.05. D, diet (FO, VO); S, salinity (10, 32 ppt); DS, 733 
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